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Abstract

Truck-related crashes contribute to a significant percentage of vehicle crashes in the United States,
which often result in injuries and fatalities. The amount of truck miles traveled has increased
dramatically with the growing rate of freight movement. Regarding truck crashes in the highway work
zones, many studies indicated that there was a significant increase in crash severity when a truck crash
occurred in work zones. To mitigate the risk of truck crashes in work zones, a portable changeable
message sign (PCMS) was frequently utilized in addition to standard temporary traffic control signs and
devices required by the Manual on Uniform Traffic Control Devices. To justify the use of a PCMS in
work zones, there is a need to study the effective location of a PCMS deployed in a work zone by
measuring the changes of truck and passenger car speed profiles. The difference of speed changes
between trucks and passenger cars was considered as one of the major reasons which caused truckrelated crashes in work zones. Therefore, reducing the difference of speed changes between trucks
and passenger cars could potentially improve safety in work zones. The outcomes of this study will
provide required knowledge for traffic engineers to effectively utilize the PCMS in work zones with the
purpose of reducing truck-related crashes. In addition, the success of this study will provide a roadmap
to investigate the effective deployment of other temporary traffic control devices on mitigating the risk
of truck-related crashes in work zones.
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1. Introduction

Work zone safety has become more challenging because of increasing travel demand and the aging
highway system in the United States. Nationwide, there are more maintenance and reconstruction
projects on the highway system. At the same time, the system is needed to safely transport increasing
people and goods. Many efforts have been devoted to improve work zone traffic safety and mobility
over the years. Regardless of these efforts, there is little indication of significant improvements in work
zone safety nationwide. Although work zone crash rates by work zone travel mileage are not precisely
known, statistics of work zone fatalities have shown a serious traffic safety problem. There were
several hundred people loss of their life and nearly 40,000 people injured in work zone crashes each
year (FHWA, 2011). Among work zone crashes, truck-related crashes contribute to a significant
percentage of vehicle crashes in the United States, which often result in injuries and fatalities. Results
of several studies have pointed out that truck-related work zone crashes were more severe than other
crashes in work zones (Bai and Li, 2006, Hill, 2003, Pigman and Agent, 1990). There are several reasons
that will increase the conditional probability of involving truck-related crash in highway work zones
based on previous research (Bai and Li, 2006, Li et al., 2011). These reasons include number of traffic
lanes, different geometric alignment configurations, light conditions, and driver errors such as
misjudgment/disregarding traffic control signs and signals. In addition, trucks have bigger bodies and
less flexibility which require drivers to have higher level of driving skills when maneuvering through the
work zones. A brief literature review on truck-related crashes is presented in the following chapter
along with the motivation of conducting this research project.

2. Literature review

The information from the Fatality Analysis Reporting System shows that there were 50,430 fatal
crashes in 2008, 8.1% (4066) of them were large truck related, 37.8% (19,072) were light truck related
(FARS, 2008). Here a light truck is referred to as a truck of 10,000 pounds gross vehicle weight or less; a
large truck is over 10,000 pounds gross vehicle weight. Some researchers have investigated and
analyzed truck-related crashes in work zones using various data sources and analyses techniques.
Several studies found that the percentage of truck-involved crashes was much higher in work zones
and heavy truck related crashes were more likely to involve multiple vehicles and hence frequently
resulted in fatalities and large monetary loss (Bai and Li, 2006, Hill, 2003, Pigman and Agent, 1990).
Benekohal et al. conducted a statewide opinion survey of 930 semitrailer drivers in Illinois in 1993.
Researchers found that about 90% of truck drivers consider traveling through work zones to be more
hazardous than non-work zone areas (Benekohal et al., 1995). Garber and Joshua (1990) found 75% of
all large-truck crashes and 91% of large-truck fatal crashes were attributed to driver-related errors. Hall
and Lorenz (1989) found that the number and rate of truck-related crashes increased during the
construction season in the State of New Mexico. Bezwada and Dissanayake (2009) pointed out that
truck driver might face many challenges while traversing on Interstate or state highways at high
speeds, at intersections, or while taking turns to have control over the vehicle because the physical
dimension of a truck creates the blind spots. Richards and Faulkner (1981) discovered the
disproportionate of large trucks involved in fatal and injury crashes. Other researchers indicated that
work zone crashes involve large trucks were more severe than other crashes (Li and Bai, 2008, Daniel
et al., 2000, Ha and Nemeth, 1995, Pigman and Agent, 1990, Richards and Faulkner, 1981). In
summary, many research projects have been conducted to address the truck-related safety concerns in
the highways and highway work zones. Some studies conveyed that the severity of truck-related
crashes was higher than other types of crashes in work zones.
To mitigate the risk of truck crashes in work zones, a portable changeable message sign (PCMS) was
frequently utilized in many work zones in addition to standard temporary traffic control signs and
devices which were required by the Manual on Uniform Traffic Control Devices (MUTCD). To justify the
use of a PCMS in work zones, there is a need to study the effective location of the PCMS and determine
how deployment locations impact on truck and passenger car drivers’ behavior measured using vehicle
speed changes.

3. Research objective

The objective of this research project was to study the effective location of a PCMS deployed in the
upstream of a work zone by measuring the changes of truck and passenger car speed profiles. The
difference of speed changes has been considered as one of the major reasons that caused crashes in
two-lane highways (Garber and Ehrhart, 2000, Garber and Gadiraju, 1989). Therefore, reducing speed
variability between trucks and passenger cars might potentially mitigate the risk of vehicle crashes in
the work zones. The research objective was accomplished using the field experimental method. Based
on the results of experimental data analyses, both passenger car and truck speed profile models were
developed. In addition, speed changes between passenger cars and trucks were compared using the
developed speed profile models. In this project, a truck means a freight truck whose gross vehicle

weight is greater than 10,000 pounds and length is longer than 19 ft. A typical pickup truck was
considered as a passenger car because its length dimension is not significantly larger than a typical
passenger car. Other large vehicles such as school buses, construction vehicles, farm vehicles, and so
on were not included in the study. Field experiments were conducted in the upstream of a one-lane
two-way work zone located on the Highway US-36 in Kansas, USA from September to October in 2010.
Besides the temporary traffic control devices and signs required by the MUTCD, a PCMS was utilized
and deployed in three different locations in the upstream of the work zone. The outcomes of this study
will provide required knowledge for traffic engineers to effectively utilize the PCMS in the upstream of
work zones with the purpose of reducing the risk of truck-related crashes. In addition, the success of
this study will provide a roadmap to investigate the effective deployment of other temporary traffic
control devices on mitigating the risk of truck-related crashes in the work zones.
The scope of data analyses is limited to speed differences between cars and trucks. The authors
assumed that drivers travel through the work zone on or under posted speed limit. Under this
assumption and the fact that when a crash happens the distance between vehicles is zero, one of the
safety measures to avoid vehicle crash is to keep distance between them unchanged, which means no
speed variance between vehicles if possible. Since speed variance is an important factor, which is why
the speed difference is the focus of data analyses in this research project. If additional resource is
available, future analyses could be conducted in other areas such as looking into the speed decrease
rate.

4. Data collection

The free-flow vehicle speeds were collected in the upstream of the work zone on the highway US-36.
Based on the information provided by the Kansas Department of Transportation, the traffic volume on
the US-36 was 3550 vehicles per day with 590 being trucks. Seven speed measurement sensors (TRAX
Apollyon Automatic Traffic Data Recorder) were used to record the vehicle speed data from 7:00 a.m.
to 7:00 p.m. during a two-week period.
Fig. 1 shows the set up of two tubes for one sensor on the road, which were connected to the sensor
box. When collecting vehicle data, the sensor time-stamped every axle recorded during the field
experiment. With the time-stamping information, the sensor determined the traffic volume, speed,
classification, and gap data.

Fig. 1. Setup of tubes on the highway.

As indicated in Fig. 2, seven sensors (𝑆𝑆1 – 𝑆𝑆7 ) were placed every 250 ft away in the upstream of the
work zone with the 𝑆𝑆7 at the start point of the work zone which was the location of the first temporary
traffic control sign (W20-1 Sign: Road Work Ahead). In order to measure the speed change of a vehicle
over a certain distance in the upstream of the work zone, the distance of 250 ft between two sensors
was used in the field experiments. The speed limit on US-36 was 65 mph. If the vehicle speeds were
within this speed limit, then, the perception-reaction time is estimated at 2.5 s to do a simple action
such as pushing the brake (FHWA, 2009). As a result, the distance traveling by a vehicle at 65 mph in
the perception-reaction time is 238 ft. For the convenience of installing sensors in the site, the distance
between two sensors was specified at 250 ft.

Fig. 2. Placements of sensors and PCMS in the US-36 work zone.

The PCMS was deployed at three different locations in the upstream of the work zone. These locations
were labeled as 𝑃𝑃1 (750 ft from the W20-1 Sign), 𝑃𝑃2 (575 ft from the W20-1 Sign), and 𝑃𝑃3 (400 ft from
the W20-1 Sign) as shown in Fig. 2. The messages displayed on the PCMS were: “WORK
ZONE/AHEAD/SLOW DOWN” and “FLAGGER/AHEAD PREPARE/TO STOP.” These messages changed
from one to the other every three seconds during experiments. The PCMS was placed on the shoulder
of the highway about 9–10 ft away from the road. The inside edge of the PCMS panel was 3–4 ft away
from the road. Fig. 3 shows the PCMS used in the field experiments.

Fig. 3. A PCMS used in the field experiments.

A complete experimental trial occurred when all sensors successfully collected the speeds of a vehicle
at the seven sensor locations. If any one senor did not record the speed of a vehicle, then this vehicle
data had to be discarded from all other six sensors. The speeds were matched by verifying the
difference of the computer times and drawing the correlation among the data from Sensor 𝑆𝑆1 to
Sensor 𝑆𝑆7 . External factors, which occasionally interfered with vehicles and caused the data to be
incorrectly recorded, included low-speed farm vehicles, vehicles turned off the road at an intersection
in the upstream of the work zone, and construction related vehicles that either had very low speed or
drivers had been well aware of the upcoming work zone conditions. At any given time during a field
experiment, there were at least two research assistants who conducted the data collections in a work
zone. They observed the traffic conditions and made the decision if collected data should be kept for
future analyses. If not, they immediately marked a note on the data stored in the computer at the
work zone. Therefore, before the data analyses, researchers were able to exclude these data with the
note from the database.
A total of 3228 valid vehicle speeds were collected following the experimental procedure on the US-36
work zone. Of these, 1143 vehicle speed data were collected when the PCMS was placed at 𝑃𝑃1 location
(813 were passenger cars and 330 were trucks); 1124 were collected when the PCMS was placed at
𝑃𝑃2 location (784 passenger cars and 340 trucks); and 996 were collected when the PCMS was placed at
𝑃𝑃3 location (674 passenger cars and 322 trucks). The sensors produced raw data files in a .DMP file
format which was generated by a special software program. By exporting the raw data into an excel
file, a spreadsheet was used to assort the data by date, time, lane, axles, vehicle class, vehicle length,
speed, and among others. Therefore, analyses could be performed using the data in the spreadsheet.

5. Data analyses

The major tasks that needed to be accomplished in the data analyses were the development of the
passenger car and truck speed profile models when the PCMS was placed at three different locations in

the upstream of the work zone and the comparison of speed changes using the passenger car and the
truck speed profile models. To clearly outline the data analyses process, when the PCMS was placed at
750 ft away from the W20-1 Sign, it was named as Situation One. Situations Two and Three mean that
the PCMS was placed at 575 ft and 400 ft away from the W20-1 Sign, respectively.

5.1. Statistical summary of the collected data

Table 1, Table 2, Table 3 show the descriptive statistics of passenger car and truck speeds recorded by
each sensor at three locations, respectively. In the table, the minimum speed, the maximum speed, the
mean vehicle speed, and the standard deviation of the speeds at each sensor are presented.
Table 1. Descriptive statistics of passenger car and truck speeds for PCMS at 750 ft.
Vehicle type
Speed measurement
Min
Max
Mean
location
(mph)
(mph)
(mph)
Passenger car
Speed at Sensor 1
29
76
61.6
Speed at Sensor 2
31
74
60.5
Speed at Sensor 3
26
74
59.9
Speed at Sensor 4
17
74
59.2
Speed at Sensor 5
23
74
57.9
Speed at Sensor 6
23
71
55.7
Speed at Sensor 7
23
71
55.0
Truck

Speed at Sensor 1
Speed at Sensor 2
Speed at Sensor 3
Speed at Sensor 4
Speed at Sensor 5
Speed at Sensor 6
Speed at Sensor 7

26
26
27
28
28
28
29

72
71
71
71
71
68
70

58.9
57.9
57.4
56.9
55.4
53.8
53.0

Standard
deviation
6.5
6.3
7.0
7.6
7.2
6.9
7.1
7.2
7.1
7.5
7.8
7.7
7.6
7.7

Table 2. Descriptive statistics of passenger car and truck speeds for PCMS at 575 ft.
Vehicle type
Speed measurement
Min
Max
Mean (mph) Standard deviation
location
(mph)
(mph)
Passenger car Speed at Sensor 1
30
82
63.2
6.7
Speed at Sensor 2
31
78
59.2
7.0
Speed at Sensor 3
29
82
59.3
7.4
Speed at Sensor 4
26
80
58.7
8.0
Speed at Sensor 5
30
76
56.6
8.2
Speed at Sensor 6
23
70
52.8
7.2
Speed at Sensor 7
21
74
52.2
7.1
Truck

Speed at Sensor 1
Speed at Sensor 2
Speed at Sensor 3
Speed at Sensor 4

37
35
36
35

78
72
76
79

61.9
57.1
58.6
58.2

5.9
6.0
6.6
7.1

Speed at Sensor 5
Speed at Sensor 6
Speed at Sensor 7

34
32
31

77
74
71

56.0
51.9
51.4

7.2
6.7
6.7

Table 3. Descriptive statistics of passenger car and truck speeds for PCMS at 400 ft.
Vehicle type
Speed measurement
Min (mph) Max
Mean (mph)
location
(mph)
Passenger car Speed at Sensor 1
30
78
62.0
Speed at Sensor 2
25
76
60.7
Speed at Sensor 3
25
77
60.0
Speed at Sensor 4
16
81
59.2
Speed at Sensor 5
18
76
57.9
Speed at Sensor 6
26
70
54.4
Speed at Sensor 7
25
71
53.6
Truck

Speed at Sensor 1
Speed at Sensor 2
Speed at Sensor 3
Speed at Sensor 4
Speed at Sensor 5
Speed at Sensor 6
Speed at Sensor 7

34
32
23
30
34
31
24

71
71
72
73
75
69
68

59.0
57.7
57.5
57.6
56.8
53.8
52.5

Standard
deviation
6.5
6.9
7.5
8.3
8.8
7.7
7.4
6.2
6.5
7.1
7.6
7.8
7.1
7.2

5.2. Speed profile models

Mathematically, the passenger car speed profile model and the truck speed profile model can be
formalized as
(1) 𝑌𝑌1 (𝑡𝑡) = 𝑓𝑓1 (𝑡𝑡) + 𝜕𝜕1 (𝑡𝑡),

and

(2) 𝑌𝑌2 (𝑡𝑡) = 𝑓𝑓2 (𝑡𝑡) + 𝜕𝜕2 (𝑡𝑡),

respectively. In (1), (2), t varies at different sensor locations. 𝑌𝑌1 (𝑡𝑡) and 𝑌𝑌2 (𝑡𝑡) denote the vehicle
speeds. 𝑓𝑓1 (𝑡𝑡) and 𝑓𝑓2 (𝑡𝑡) denote the underlying speed models. 𝜕𝜕1 (𝑡𝑡) and 𝜕𝜕2 (𝑡𝑡) are two independent
homogeneous Gaussian random errors indexed by 𝑡𝑡 with means 𝐸𝐸𝜕𝜕1 (𝑡𝑡) = 0 = 𝐸𝐸𝜕𝜕2 (𝑡𝑡) and
variances 𝑉𝑉𝑉𝑉𝑉𝑉(𝜕𝜕1 (𝑡𝑡)) = 𝜎𝜎12 and 𝑉𝑉𝑉𝑉𝑉𝑉(𝜕𝜕2 (𝑡𝑡)) = 𝜎𝜎22 respectively for all 𝑡𝑡. The term also implies that the
errors at any two different sensors 𝑡𝑡1 and 𝑡𝑡2 with 𝑡𝑡1 ≠ 𝑡𝑡2 , 𝜕𝜕𝑖𝑖 (𝑡𝑡1 ) and 𝜕𝜕𝑖𝑖 (𝑡𝑡2 ) are independent for
both 𝑖𝑖 = 1, 2. Since the authors were interested in the speed change difference between passenger
cars and trucks, hypothesis was set up to test 𝐻𝐻0 : 𝑓𝑓1 (𝑡𝑡) = 𝑓𝑓2 (𝑡𝑡) for all 𝑡𝑡 versus 𝐻𝐻1 : 𝑓𝑓1 (𝑡𝑡) ≠ 𝑓𝑓2 (𝑡𝑡)
for at least one 𝑡𝑡.

Since the authors had no idea about the underlying 𝑓𝑓1 (𝑡𝑡) and 𝑓𝑓2 (𝑡𝑡), it was legitimate to estimate 𝑌𝑌1 (𝑡𝑡)
and 𝑌𝑌2 (𝑡𝑡) by a nonparametric way. Different from a parametric method that assumes 𝑓𝑓1 (𝑡𝑡) and 𝑓𝑓2 (𝑡𝑡)
to be an existing model (e.g., exponential) with a few parameters to be estimated, a nonparametric

method is a data-based method, not a model-based method. In this research project, the authors used
a nonparametric method, called the local regression method, described by Zhang (2012) to
estimate 𝑌𝑌1 (𝑡𝑡) and 𝑌𝑌2 (𝑡𝑡). Suppose t was a location between Sensor 1 (𝑡𝑡1 ) and Sensor 7 (𝑡𝑡7 ), then the
passenger car (or truck) speed at location 𝑡𝑡, namely 𝑌𝑌(𝑡𝑡), could be obtained as
(3) 𝑌𝑌(𝑡𝑡) = ∑7𝑗𝑗=1 𝑙𝑙𝑗𝑗 (𝑡𝑡)𝑌𝑌𝑗𝑗 ,

where 𝑙𝑙𝑗𝑗 (𝑡𝑡) = ∑7

𝜔𝜔𝑗𝑗 ∑7𝑘𝑘=1 𝜔𝜔𝑘𝑘 (𝑡𝑡−𝑡𝑡𝑘𝑘 )(𝑡𝑡𝑗𝑗 −𝑡𝑡𝑘𝑘 )
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, 𝜔𝜔𝑗𝑗 = 𝑊𝑊((𝑡𝑡 − 𝑡𝑡𝑗𝑗 )/ℎ), 𝑊𝑊(𝑡𝑡)

was a kernel function (Parzen, 1962), and ℎ was the window width (Parzen, 1962). There were many
options for the kernel function 𝑊𝑊. The authors used the standard normal density function for this
research project. For ℎ, the authors picked 0.5 because the speed measurements were usually below
100 miles per hour in the work zone and 0.5 was a commonly used number for such type of speed
range. From Eq. (3), it is easy to determine that 𝑙𝑙𝑗𝑗 (𝑡𝑡) which is called the weight at location 𝑡𝑡𝑗𝑗 keeps the
same for the three situations and 𝑌𝑌𝑗𝑗 which is the mean speed at location 𝑡𝑡𝑗𝑗 varies at different situation.
Fig. 4, Fig. 5, Fig. 6 show the measured mean speeds at the seven sensors (marked by dots) and the
fitted mean speed curves for the three situations. Generally, for all the three situations, both
passenger cars and trucks gradually slowed down from Sensor 1 to Sensor 7. In Situation One, the
mean speed of passenger cars was significantly larger than the mean speed of trucks at all seven
sensor locations. In Situation Three, the mean speed of passenger cars was significantly larger than the
mean speed of trucks at the first three sensor locations and the two mean speeds started to get closer
to each other at the fourth sensor. Compared to the cases in Situations One and Three, the two mean
speeds in Situation Two were closer to each other at all seven sensor locations.

Fig. 4. Passenger car and truck mean speed profiles for Situation One (PCMS location was at 750 ft).

Fig. 5. Passenger car and truck mean speed profiles for Situation Two (PCMS location was at 925 ft).

Fig. 6. Passenger car and truck speed profiles for Situation Three (PCMS location was at 1100 ft).

5.3. Speed change difference between passenger cars and trucks

As discussed in Section 5.2, to study the speed change difference between passenger cars and trucks,
the authors were interested in testing 𝐻𝐻0 : 𝑓𝑓1 (𝑡𝑡) = 𝑓𝑓2 (𝑡𝑡) for all 𝑡𝑡 versus 𝐻𝐻1 : 𝑓𝑓1 (𝑡𝑡) ≠ 𝑓𝑓2 (𝑡𝑡) for at
least one 𝑡𝑡. Along with the nonparametric method developed to estimate the speed profile, Zhang
(2012) derived the test statistic and the formula of the P-value for the hypothesis testing. Using their
method, the computed P-values for Situation One to Three were 0.0000031, 1, and 0.00178,
respectively. These P-values showed that the null hypothesis 𝐻𝐻0 : 𝑓𝑓1 (𝑡𝑡) = 𝑓𝑓2 (𝑡𝑡) was accepted at
Situation Two but rejected at the other two situations with the level of confidence at 0.05.

6. Conclusions and recommendations

Truck-related crashes contribute to a significant percentage of vehicle crashes, which often result in
injuries and fatalities. There was a significant increase in crash severity when a truck crash occurred in
work zones. Due to the difference of driving patterns between passenger car drivers and truck drivers,
there was a need to study the truck speed profile and passenger car speed profile in order to
determine the effective location of utilizing a PCMS in the upstream of work zones. In this paper, the

truck and passenger car speed profile models were developed for three situations: (1) a PCMS at 750 ft
away from the W20-1 Sign; (2) a PCMS at 575 ft away from the W20-1 Sign; and (3) a PCMS at 400 ft
away from the W20-1 Sign. Compared with the Situations One and Three, the Situation Two was the
recommended setup of a PCMS in the upstream of a work zone because the traveling distance with
significant speed differences between trucks and passenger cars was the smallest. Reducing speed
variability between trucks and passenger cars could potentially mitigate the risk of vehicle crashes in
the work zones. However, combined factors, not speed alone, impact on the vehicle safety in the work
zones due to the complexity of the road environment.
The results of this study clearly indicated that the deployment location of a PCMS had a significant
impact on reducing the speed variance between passenger cars and trucks. Since the speed variance
between vehicles (working with other factors such as traffic flow and road geometric) is a risk factor
that might cause crashes, therefore, it is important to determine an optimal deployment location of a
PCMS that can be used to reduce such risk. Currently, the MUTCD does not specify the optimal
deployment location of a PCMS in the work zones. As a result, traffic engineers have to rely on their
experience to figure out the deployment location for a PCMS in the work zones. Thus, the potential
effective location of a PCMS on reducing the risk of vehicle crashes in the work zones may not be
realized. The authors recommend that the optimal deployment location of a PCMS in the upstream of
work zones should be specified in the MUTCD with the purpose of reducing the risk of vehicle crashes
based on the outcomes of this study. In addition, with the success of this project, the authors
recommend to investigate the effective deployment of other temporary traffic control devices on
mitigating the risk of truck-related crashes in the work zones.
The authors would like to indicate that the vehicle speed changes were due to the combination of the
influence of the traffic signs and drivers’ awareness of work zone conditions. In this research project,
traffic signs include the PCMS and other signs such as the W20-1 Sign (ROAD WORK AHEAD). The other
traffic signs might have impact on drivers’ behavior as well. However, the authors did not directly
measure the impact of other traffic signs at the experimental site due to the limited resource. The
impact of other signs on drivers’ behavior is a research topic that should be investigated in the future.
In addition, the drivers’ awareness of work zone conditions was difficult to measure using the existing
technologies. In this project, the authors only measured the influence of the PCMS with the
understanding that drivers’ awareness of work zone conditions might also have impact on the speed
changes. Further research is needed to address the practical significance of the recommended PCMS
deployment location due to the factor of small vehicle speed variance observed in the previous field
experiments. Also, research is needed to quantify the impact of drivers’ awareness of work zone
conditions on the vehicle speed changes. Finally, the authors recommend investigating if the seven sets
of road tubes used to collect the speed data have an impact on driver's behavior.
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